Abstract. Indocyanine green (ICG) fluorescence imaging represents a promising method for sentinel node (SN) biopsy in laparoscopic gastric surgery due to its signal stability. In the present study, the suitability and optimal settings of ICG fluorescence imaging for SN biopsy in early gastric cancer were determined. Patients with single primary superficial-type adenocarcinoma of the stomach, lesions <5 cm in diameter, and no evident nodal metastasis and out of indication for endoscopic submucosal dissection were enrolled. The day prior to surgery, ICG solution was endoscopically injected into four quadrants of the submucosal layer of the tumor. The Photodynamic Eye was used to detect ICG fluorescence. Bright nodes were defined as clearly fluorescent nodes. A total of 72 patients were enrolled; 11 cases presented with metastasis, and of these, 10 could be diagnosed by bright node biopsy. The adequate concentration and injection volume of ICG was determined to be 50 µg/ml (x100) and 0.5 mlx4 points, respectively. There was 1 false-negative case, and this was attributed to the failure of the frozen section diagnosis. These results suggested that ICG fluorescence imaging for SN biopsy in laparoscopic surgery for early gastric cancer is feasible. However, a weakness of ICG fluorescence imaging is the subjectivity of bright node evaluation.
Introduction
Gastric cancer patients who receive a standard gastrectomy with lymph node dissection can suffer from post-gastrectomy syndromes (1) . As the symptoms associated with these syndromes can cause lifelong problems, a function-preserving gastrectomy with limited lymphadenectomy is recommended to improve post-operative quality of life (1) . A sentinel node (SN) biopsy is the most reliable method to date for the detection of node-negative cases, along with the application of an oncologically safe function-preserving gastrectomy.
The SN is defined as the node that directly receives lymphatic drainage from a primary tumor (2) . Gastric cancer is one of the cancers in which the validity of the SN concept has been well investigated by numerous studies (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) . Recently, a prospective multicenter trial demonstrated the feasibility of SN biopsy in gastric cancer (3) . However, a number of unresolved issues remain regarding the clinical use of SN biopsy for gastric cancer, including identification of an adequate tracer for laparoscopic gastrectomy (3, 11, 12) . The dual-tracer method with blue dye and radioactive colloid appears to be a temporary standard procedure in gastric cancer. However, blue dye deteriorates quickly, and radioactive colloid exhibits a shine-through effect during γ probe detection of hot nodes. These weaknesses limit their usefulness for laparoscopic SN biopsy.
One tracer candidate being evaluated for laparoscopic gastrectomy is indocyanine green (ICG) . With the recent invention of useful devices such as the Photodynamic Eye (PDE) and Hyper Medical Eye System, ICG fluorescence imaging for SN biopsy has been widely used in various cancer surgeries (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) . ICG fluorescence imaging has unique characteristics, including an extra-high sensitivity (26, 28) and signal stability (23, 26, 28) . However, the optimal settings of ICG fluorescence imaging for SN biopsy, such as ICG dose and concentration, injection timing and biopsy technique, have not been determined. Furthermore, little is known regarding the weaknesses of this technique.
The present study determined whether ICG fluorescence imaging is a suitable method for SN biopsy in laparoscopic gastrectomy. In addition, the optimal setting and weaknesses of this method were investigated.
Patients and methods
Patients. Between October 2009 and December 2014, 72 patients with histologically confirmed clinical type 0 (superficial-type) adenocarcinoma of the stomach (29) , single primary lesions <5 cm in diameter, no previous history of chemotherapy, and no distant metastasis (cM0) or evident nodal metastasis (cN0) and out of indication of endoscopic submucosal dissection were enrolled in the study. Clinical staging was determined by pre-operative endoscopy and multidetector-row computed tomography. All patients enrolled in the study were pre-operatively registered in the data center in Kanazawa Medical University Hospital (Ishikawa, Japan).
All patients provided written informed consent. This study was approved by the Ethics Committee of Kanazawa Medical University and conducted in accordance with the Good Clinical Practice guidelines and Declaration of Helsinki.
SN mapping procedure. The PDE (Hamamatsu Photonics Co., Ltd., Hamamatsu, Shizuoka, Japan) or PDE neo was used to detect ICG fluorescence. PDE neo is a newer version of the PDE with similar sensor sensitivity. A single, well-trained surgeon performed all tracer injections, surgeries, mappings and nodal harvestings to avoid disruption of the learning phase. During the study period, laparoscope-assisted gastrectomy was categorized as clinical research in the Gastric Cancer Treatment Guidelines of the Japanese Gastric Cancer Association (30) . Therefore, the surgical approach adopted (open or laparoscope-assisted) was based on patient decision under informed consent.
The day prior to the surgery, ICG solution was endoscopically injected into four quadrants of the submucosal layer of the primary lesion using an endoscopic puncture needle. The gastrocolic ligament was divided to visualize all possible directions of lymphatic flow from the stomach. In open surgery cases, the PDE or PDE neo was then used to detect ICG fluorescence. For laparoscope-assisted surgery cases, the stomach and perigastric lymph nodes were pulled up and exposed from a 4-6 cm median upper abdominal incision, and ICG fluorescence in the lymphatic vessels and lymph nodes was detected with the PDE or PDE neo in the same manner as used for open surgery. Bright nodes were defined as clearly fluorescent nodes. The bright nodes were believed to contain the SNs. The number and direction of the lymphatic basins were observed and recorded intraoperatively by the surgeon. Lymphatic basins were defined as lymphatic zones divided by the stream of fluorescent lymphatic canals. The proximal border was the fatty tissue attached to the stomach wall, and the distal border was the front of the bright node most distal from the stomach (4, 5) .
SN biopsy procedures.
The feasibility of ICG imaging for SN biopsy was evaluated from the beginning of the study until December 2012 in 42 sequential patients who received standard gastrectomy with lymph node dissection up to D1+ or D2 according to the Gastric Cancer Treatment Guidelines (30) . After noting the state of the lymphatic basin, a standard gastrectomy with lymph node dissection was conducted. Bright node detection was performed post-operatively in the initial 16 cases. Subsequent to surgery, all dissected nodes were harvested and analyzed for fluorescence using the PDE. Intraoperative bright nodes biopsy was performed in the other 26 cases. Following stomach removal and nodal dissection, but prior to reconstruction, bright nodes were detected and harvested at the surgical field and sent for pathological diagnosis of the intraoperative frozen section.
After the feasibility phase of the study, the clinical application of ICG SN mapping in guiding limited surgery was evaluated from January 2013. In this phase of the study, patients received function-preserving gastrectomy with lymphatic basin dissection. Function-preserving gastrectomies included pylorus-preserving gastrectomy, proximal gastrectomy, segmental gastrectomy and local resection of the stomach. Lymphatic basin dissection is a selective lymphadenectomy to dissect en bloc the lymphatic basins that contain lymph nodes and lymphatic vessels (4, 5) . Following resection, the bright nodes were detected and harvested at the surgical field and sent for pathological diagnosis of the intraoperative frozen section. The surgeon performed the reconstruction while waiting for the pathology results. For bright nodes without metastasis, the surgical team continued the reconstruction and finished the procedure. For cases with nodal metastasis, the surgery was converted to a standard D2 gastrectomy (distal gastrectomy or total gastrectomy).
Post-operatively, all dissected nodes were reexamined for fluorescence using the PDE. Therefore, there were two types of bright nodes, nodes detected intraoperatively and those detected post-operatively.
Pathological examination. The frozen section and permanent diagnoses of nodal metastasis were made on a plane of the maximal dimension containing the hilus of the node according to the Japanese Classification of Gastric Carcinoma (29) . The intraoperative frozen section diagnosis was followed by an additional permanent pathological diagnosis following node fixation in formaldehyde. Nodal metastasis was defined as the presence of tumor cells, tumor cell clusters or tumor cell nests within the lymph node, as detected by hematoxylin-eosin staining. Size was not included as a criterion for nodal metastasis and therefore, nodal metastasis included micrometastases and isolated tumor cells. The regional lymph nodes of the stomach were classified into stations numbered according to the Japanese Classification of Gastric Carcinoma (29) .
Determination of the adequate concentration and injection volume of ICG.
To determine the adequate ICG concentration for SN biopsy, 0.5 mlx4 points of 2.5 mg/ml, 125 µg/ml, 50 µg/ml and 5 µg/ml ICG were preliminarily examined in one or two cases. After identifying the adequate concentration, ICG injection volumes of 0.5 mlx4 points and 0.2 mlx4 points were evaluated.
Results

Patients.
A total of 72 patients were enrolled in the study. This consisted of 42 patients for the feasibility phase and 30 patients for the clinical application phase. Patient characteristics are shown in Table I . A laparoscopic approach was performed in 55.6% of patients. No serious allergic reactions were observed following tracer injection. Intraoperative and post-operative adverse effects and complications associated with the SN biopsy procedures were not observed.
SN biopsy results.
Bright nodes and lymphatic basins were detected in all cases (Fig. 1) ; therefore, the detection rate of ICG fluorescence imaging was 100.0%. The sensitivity, specificity and accuracy of ICG fluorescence SN mapping were 90.1, 100.0 and 98.6%, respectively (Table II) .
In total, 11 cases presented with metastasis. In the feasibility case series (n=42), 7 cases presented with lymph node metastasis, and all cases were able to be diagnosed using bright node biopsy. Of these 7 cases, 4 were diagnosed post-operatively in the permanent pathological diagnosis and 3 were diagnosed intraoperatively in the frozen section diagnosis. In the clinical application series, 4 cases presented with lymph node metastasis, and of these, 3 cases were able to be diagnosed by bright node biopsy. Thus, 1 case with nodal metastasis failed to be diagnosed intraoperatively.
Details of the false-negative case.
Intraoperative bright node biopsy resulted in 1 false-negative case. The false-negative result occurred in a 72-year-old female with a 20-mm IIc-type tumor with an ulcer scar located on the greater curvature near the posterior wall of the middle third of the stomach. The final pathological diagnosis was non-solid type poorly-differentiated adenocarcinoma, submucosal cancer with submucosal invasion of >500 µm from the muscularis mucosa, marked lymphatic invasion and minimal venous invasion, based on the Japanese Classification of Gastric Carcinoma (29) . The lymphatic basins were the left gastric artery and right gastroepiploic artery areas, and a laparoscopic pylorus-preserving gastrectomy with lymphatic basin dissection was performed. The station numbers of the dissected nodes were nos. 1, 3a, 4d, 6 and 7. A total of 8 bright nodes were detected intraoperatively and of these, 2 nodes were no. 3a, 1 node was no. 7 and 5 nodes were no. 4d. Post-surgery, at the time of nodal harvesting, 2 bright nodes were found at no. 3a and 4d. The no. 3a node exhibited weak fluorescence and appeared to be a secondary node. The no. 4d node exhibited strong fluorescence and appeared to be a node that failed to be detected intraoperatively due to the shine-through effect.
A total of 2 nodal metastases were present and were not the bright nodes detected intraoperatively. The involved nodes were both no. 4d and were located near the tumor. One of the nodes was the bright node detected after surgery and was classified as a micrometastasis. The other metastasis was a non-bright node located near the bright node and was classified as isolated tumor cells. After the metastases were diagnosed, deep cuttings and other slices of the paraffin blocks of the intraoperatively detected bright nodes were made and revealed the presence of isolated tumor cells in one of the no. 4d bright nodes (Fig. 2) . Lymph node dissection up to D1 was performed, and the dissection margin appeared to be cancer free. Therefore, this case was considered to be a successful curative resection. The patient has since been closely followed up and has shown no evidence of recurrence to date.
Adequate concentration and injection volume of ICG.
The adequate concentration of ICG was determined in the initial 8 cases, which were all node-negative. Table III shows the association between the number of bright nodes and ICG concentration. The cases were arranged in order of occurrence to show the decision process. At an ICG concentration of 5 µg/ml (x1,000), bright lymphatics and bright nodes were detected despite the weak fluorescence. Therefore, the adequate concentration of ICG was determined to be 50 µg/ml (x100). Next, the adequate injection volume of 50 µg/ml ICG was determined. A total of 15 and 19 sequential patients were injected with 0.5 mlx4 points and 0.2 mlx4 points of 50 µg/ml ICG, respectively. The visualization of bright nodes and bright lymphatics was quite similar between the two groups. The median number of bright nodes was not significantly different between the two groups, with 6 (range, 3-11) in the 0.5 ml group and 6 (range, 2-7) in the 0.2 ml group. Therefore, the adequate injection volume of ICG solution was determined to be 0.5 mlx4 points due to its technical reliability.
Number of bright nodes. In the present study, 68 patients were injected with 50 µg/ml ICG solution. Of these patients, bright nodes were detected post-operatively only in 14 patients, but both intraoperatively and post-operatively in 54 patients. The median number of bright nodes was 5 (range, 4-11) and 6 (range, 2-9) in the post-operative only and intraoperative cases, respectively. In 27 out of the 54 intraoperative cases (50.0%), bright nodes left behind were also detected post-operatively. The total number of nodes in these cases was 49, and the median number of nodes per each case was 1 (range, 0-4) ( Table IV) . Of these 49 nodes, 31 (63%) exhibited weak fluorescence and 18 (37%) exhibited strong fluorescence. Almost all strongly fluorescent nodes were small nodes <5 mm in diameter, located near the serosa of the stomach, covered by fat, and were difficult to detect intraoperatively due to the shine-through effect of the serosal bright spots. By contrast, the 31 nodes with weak fluorescence were located far from the tumor and appeared to be secondary nodes.
Distribution of metastatic nodes. All dissected nodes in this study were divided into the following three groups: Bright nodes, non-bright nodes within the lymphatic basin and non-bright nodes outside the lymphatic basin. A total of 11 cases (15.3%) presented with nodal metastasis. Lymph node dissection up to D2 was performed in 10 of these cases, while the other case was the false-negative intraoperative case. Therefore, the distribution of metastatic nodes within and outside (up to D2) the lymphatic basins was well examined in these cases. The total number of metastatic nodes was 35 and of these, 22 (62.9%) were bright nodes, 12 (34.3%) were non-bright nodes within the basin and 1 (2.9%) was a non-bright node outside the basin. Sensitivity % (n/total n) 90.1 (10/11) Accuracy % (n/total n) 98.6 (71/72) Figure 2 . Distribution pattern of dissected and metastatic nodes in the false-negative case. The tumor was located on the greater curvature near the posterior wall of the middle third of the stomach (white circle). The lymphatic basins were the left gastric artery and right gastroepiploic artery areas (large arrows). A total of 8 bright nodes were detected intraoperatively (black nodes), 2 bright nodes were found post-operatively at the time of nodal harvesting (gray nodes), and 2 nodal metastases were present and were not the bright nodes detected intraoperatively; 1 of the nodes was the bright node detected post-operatively and was classified as a micrometastasis (gray arrow). The other metastasis was classified as isolated tumor cells (white arrow). Another metastasis classified as isolated tumor cells was diagnosed in deep cuttings of the bright node detected intraoperatively (black arrow). The small white circles outside the stomach represent the regional lymph nodes dissected during surgery.
Nodal status of all dissected nodes ----------------------------------------------------------
Among the 11 nodal metastasis cases, all metastatic nodes were bright nodes in 5 cases, and metastatic nodes were bright and non-bright nodes within the basins in 5 cases. In the remaining case, the metastatic node was located not only within the basin, but also outside the basin. This case involved a 62-year-old male whose tumor was located at the greater curvature of the lower third of the stomach. The macroscopic findings revealed a IIc tumor measuring 40x30 mm, and the pathological findings were moderately differentiated tubular adenocarcinoma, tumor invasion of the muscularis propria, tumor with mild infiltrating growth and mildly indistinct border with the surrounding tissue, and moderate lymphatic and venous invasion, based on the Japanese Classification of Gastric Carcinoma (29) . The lymphatic basin was the right gastroepiploic artery area, and the 5 bright nodes were no. 4d. The pre-operative diagnosis based on helical computed tomography was cN0, even though the patient had an evident macroscopic metastatic node at station no. 6. The patient presented with 7 metastatic nodes consisting of 2 bright nodes, 4 non-bright nodes within the basin and 1 non-bright node outside the basin (no. 7). This case was believed to be an out of indication for SN biopsy due to the presence of macrometastases and the ease of metastasis diagnosis.
Clinical application of SN biopsy with ICG.
In total, 30 cases were used to evaluate the usefulness of ICG fluorescent SN navigation to guide limited surgery. The specifics of the surgeries are shown in Table V . A function-preserving curative gastrectomy with lymphatic basin dissection (limited surgeries beyond the guideline procedures) was performed in 20 out of the 30 cases (66.7%). No evidence of recurrence has been observed in any of these cases to date.
Discussion
The validity of the SN concept remains under debate even in gastric cancer. Over past decades, the application of SN mapping in gastric cancer, which has a relatively complicated lymphatic flow, has been a controversial issue (31) . However, more recent prospective studies have successfully demonstrated the utility of SN biopsy in gastric cancer (6) (7) (8) (9) (10) . Most recently, two large-scale nationwide multicenter prospective studies, the JCOG0302 study (11) and the SN navigation surgery (SNNS) study by Kitagawa et al (3) , were conducted to evaluate SN mapping in gastric cancer. The JCOG0302 study provided evidence to support the use of this technique in gastric cancer. However, the JCOG0302 trial was terminated due to the high proportion of false-negative results obtained in the intraoperative histological examination (11) . The JCOG0302 study results were affected by the intraoperative SN detection technique and intraoperative diagnosis of nodal metastasis. By contrast, the SNNS study was specifically designed to verify the SN concept in gastric cancer (3) . SN biopsy has been considered to exhibit two main roles in various cancers, namely, ultrastaging and the guidance of lymph node dissection omission. In malignant melanoma and colorectal cancer management, SN biopsy is primarily used for ultrastaging (2, 32) . By contrast, SN biopsy is mainly used to guide lymph node dissection omission in breast cancer surgery (33) . For gastric cancer, clinical studies have primarily focused on the application of SN biopsy in guiding lymph node dissection omission. However, lymph node dissection omission deserves circumspection, as standard lymph node dissection is associated with an improved prognosis in gastric cancer patients (34) . Furthermore, in contrast to breast cancer, reoperation for additional nodal dissection is rarely performed in gastric cancer (5) .
SN biopsy is a complex multistep surgical technique. This technique requires a suitable limitation of the indication, the selection of an adequate tracer, a proper tracer injection method, the objective detection of tracer uptake x100 (50 µg/ml) 0.5 mlx4 6 5 x40 (125 µg/ml) 0.5 mlx4 8 6 x100 (50 µg/ml) 0.5 mlx4 5 7 x100 (50 µg/ml) 0.5 mlx4 7 8 x1000 (5 µg/ml) 0.5 mlx4 3 9-23 x100 (50 µg/ml) 0.5 mlx4 6 (3-11) 24-42 x100 (50 µg/ml) 0.2 mlx4 6 (2-7) 3,11,12) . A temporary standard is combination mapping with technetium-99m tin colloid and isosulfan blue. However, blue dye deteriorates quickly, and radioactive colloids exhibit a shine-through effect during γ probe detection of hot nodes in the surgical field. We believe that combination mapping is not suitable for laparoscopic gastrectomy.
ICG is a promising tracer candidate for laparoscopic gastrectomy (14, 15) . ICG absorbs light in the near-infrared range, with maximum absorption at the 800-nm wavelength. ICG also emits maximal fluorescence at the 840-nm wavelength upon binding to plasma proteins. Nimura et al (13) developed an infrared ray electronic endoscopy system for ICG detection. Kusano et al (14) demonstrated the high sensitivity of this ICG fluorescence imaging system for SN mapping in gastric cancer. The advantages of ICG fluorescence imaging are the low cost of ICG, lower equipment costs compared with radioactive tracers, no requirement for radioactivity, a lower frequency of allergic reactions compared with blue dye, the ability to detect bright nodes under thick adipose tissue (14) , clear visualization, easy detection of bright nodes and lymphatic canals compared with the naked eye or infrared ray imaging (23) , an extra high sensitivity capable of detecting minute concentrations of ICG (26, 28) and signal stability (23, 26, 28) . Signal stability is a unique characteristic of ICG fluorescence imaging (15) . The stability of ICG fluorescence imaging allowed us to successfully use pre-operative injections for SN detection. However, ICG fluorescence imaging also has certain clear disadvantages, such as the requirement for fluorescence detection equipment and a potential shine-through effect. The high sensitivity of this technique is also a disadvantage, as it can cause secondary node contamination of bright nodes.
Based on our experience, 50 µg/ml ICG is adequate for detection by the PDE. At this concentration, the median number of bright nodes was 6 in the present study, which is similar to the number obtained in our previous dye method study (4) . Furthermore, good results in sensitivity and accuracy were achieved regardless of surgical approach, i.e., laparoscopic or open surgery. A 50 µg/ml ICG concentration was also used with the HyperEye Medical System in the study by Yoshida et al (26) . Nevertheless, the proper concentration of ICG should be reexamined if other detection devices are used.
SN biopsy for gastric cancer also requires a reliable bright node biopsy technique and objective bright node detection. With regard to biopsy technique, the lymphatic basin dissection method must be used even for ICG fluorescence imaging. Unlike other cancers, lymphatic basin dissection is a standard technique in gastric cancer (4, 5) . The lymphatic basins are believed to be the primary lymphatic drainage area in each patient, and those individuals with gastric cancer often exhibited two or three basins (3, 4, 5, 16, 17) . Lymphatic basin dissection is superior to the ordinary pick-up method not only in terms of preventing missed bright nodes, but also with regard to oncological safety, as it complements the intraoperative pathological diagnosis by serving as a backup dissection (5, 16, 17) . In contrast to the biopsy technique, objective bright node detection remains an unresolved issue of SN biopsy. In the present study, a few bright nodes were detected post-operatively in the intraoperative cases. These nodes were left behind in the lymphatic basin following the intraoperative biopsy of the bright nodes and were of two types: Strongly bright nodes that were missed in the intraoperative biopsy due to the shine-through effect of Type and number of function-preserving curative surgeries performed in the clinical phase are shown in bold. DG, distal gastrectomy; LA, laparoscope-assisted; meta(+), lymph node metastasis-positive; meta(-), lymph node metastasis-negative; PG, proximal gastrectomy; PPG, pylorus-preserving gastrectomy; SG, segmental gastrectomy; TG, total gastrectomy. the primary lesion, and weakly bright nodes that were believed to be secondary nodes. The shine-through effect could be eliminated by using the lymphatic basin dissection method and performing bright node detection after dissection of the basin from the gastric wall. However, secondary node contamination is problematic, as true SNs are difficult to distinguish from secondary nodes. Novel fluorescence agents have already been developed that have fluorescence and colloid particle characteristics (35) (36) (37) (38) (39) . These novel agents would only detect fluorescent SNs and not secondary nodes, and therefore, would be the most potentially useful for conducting a laparoscopic SN biopsy in gastric cancer. Furthermore, they may potentially be used alone as a standard tracer instead of in combination with other SN mapping tracers.
The most important issue in performing SN biopsy is the intraoperative diagnosis of nodal metastasis. Frozen section diagnosis with rapid hematoxylin-eosin staining can potentially result in misdiagnosis. In the present series, only one false-negative case occurred due to the failure of the frozen section diagnosis. To solve this issue and establish oncological safety, molecular methods to diagnose nodal metastasis, such as reverse transcriptase-polymerase chain reaction and one-step nucleic acid amplification assays, should be developed for clinical use (40, 41) .
In conclusion, ICG fluorescence imaging for SN biopsy is feasible in open and laparoscopic surgery for early gastric cancer. The optimal tracer setting to use with the PDE is an endoscopic submucosal injection of 0.5 ml of 50 µg/ml ICG at four points surrounding the tumor the day prior to surgery. The distribution of metastatic nodes in ICG fluorescence mapping is consistent with the basin theory (3, 4, 5) . Therefore, ICG fluorescence SN biopsy could be used to guide lymph node dissection omission, thereby allowing for function-preserving gastrectomy with lymphatic basin dissection. A weakness of ICG fluorescence imaging is the subjectivity of SN evaluation and potential secondary node contamination. The present study findings also suggested the requirement for the molecular diagnosis of nodal metastasis.
